Eggs provide a rich source of nutrients for the developing embryo, making them a favoured food source for other organisms as well. Several defence mechanisms have evolved to protect the developing embryos against microbial threats. In this article, we elucidate the defence strategy of brown widow spider (Latrodectus geometricus) eggs against bacteria. Antibacterial activity was shown by inhibition of bacterial growth on agar plate, liquid culture and retarded biofilm formation. The defence strategy against bacterial invasion was demonstrated in the whole egg, whole egg extract, egg surface extract, eggshell and eggshell extract. The source and characteristics of this antibacterial activity are distinctive and stem in part from a dense layer of spheres covering the egg surface, likely originated from the oviposition fluid. The spheres are rich in low-molecular-weight proteins, yet their exact composition remains unknown. In this study, we demonstrate that the egg surface is hydrophobic, while the spheres are superhydrophilic. Egg surface roughness and hydrophobicity combined with its antibacterial chemical properties reduce the ability of bacteria to grow on the egg surface. Understanding the properties of these unique structures may contribute significantly to our knowledge of how nature deals with bacterial infections.
Introduction
During the last few decades, most research dealing with antimicrobial characteristics of invertebrate eggs focused on marine invertebrates. Eggs of marine invertebrates appear to have broad-spectrum antimicrobial activity. Various types of molecules are known as antimicrobial agents in eggs of marine invertebrates, such as indole derivatives [1] , free fatty acids [2] , lysozymes [3] and glycoproteins [4] . Eggs of terrestrial invertebrates are often laid on or in the soil, where they are exposed to harmful soil microorganisms. Marchini et al. isolated an antibacterial peptide from the eggs of the Mediterranean fruit fly Ceratitis capitata [5] . Female ixodid ticks protect their eggs by covering them with a waxy substance, which contains at least two antimicrobial free fatty acids [6, 7] . Lysozyme was isolated from eggs of the Mediterranean fruit fly [8] , and the antimicrobial protein sapecin was found in eggs of flesh flies [9] . Yet, we are still far from understanding the overall strategies of antimicrobial defences of terrestrial arthropod eggs.
Bacterial contamination of spider eggs has not been documented in the literature, suggesting that there might be specific mechanisms to protect their eggs from pathogenic bacteria. For example, the eggs of the black widow spider, Latrodectus tredecimguttatus, contain toxic proteinaceous components, including the neurotoxic protein Latroeggtoxin-I [10] , the sodium channel-inhibiting protein Latroeggtoxin-II [11] , the insect-specific toxin Latroeggtoxin-III and the antibacterial peptide Latroeggtoxin-IV [12] . Intravenously injected extract of eggs of L. geometricus was also found to be toxic to mice [13] , but it is not known if the eggs are toxic also to insects or microorganisms.
Spider eggs are usually physically protected by the egg-sac. The egg-sac consists of layers of silk that form a barrier between the embryos and the outer world, but other components inside the egg-sac may also be involved in protection. During construction of the egg-sac, the female first produces a silk platform. Standing beneath the disc, the female extrudes a viscous liquid into which the eggs are laid and adhere to one another and to the basal disc [14] . The egg mass is then covered by one or more layers of silk. The liquid that covers the eggs during oviposition dries onto the chorion and gives the egg surface a granular appearance [14, 15] .
Spider eggs are spherical and their chorion is covered by granules [16] . These granules or spheres, ranging in size from 0.14 to 10.8 mm diameter [17] , are found on the chorion of many spider species [14, [17] [18] [19] [20] and differ in their shape, density, and distribution among different species [21, 22] . Spherical structures on the egg chorion are typical not only to species of Araneae, but also to other arthropods and to several vertebrates. Spheres (1-10 mm diameter) have been found on reptile and avian eggs. The spheres can be composed of organic substances (in domestic hen, Gallus domesticus) or inorganic substances (in Phoenicopterus roseus, mallee fowl) [19] . Rough topography of eggshells was found in several arthropods, among them the mosquito Culex pipiens [23] , the blow fly Lucilia cuprina [24] and the broad mite Polyphagotarsonemus latus [25] . The function of the eggshell spheres in most species is still unknown.
We focused here on the antibacterial defence mechanisms of eggs of the brown widow spider, Latrodectus geometricus Koch (Theridiidae). The brown widow spider has a cosmopolitan distribution [26] . It is commonly found in urban areas around homes. The egg-sac of a brown widow is silk-covered, spheroidal, pale yellow and with silk spikes on the surface, which are not present on egg-sacs of other Latrodectus species [27] . Brown widow females have the potential for high reproductive output. After a single mating, females can produce multiple clutches of approximately 120 eggs each, indicating an ability to store a large amount of viable sperm for long periods of time [28] . In the laboratory, L. geometricus females produce up to 29 eggs-sacs in a lifetime [28] . This reproductive ability contributes to the spider's successful invasion history [29] and makes them a favourite model animal for research.
In the present study, we demonstrate the broad-spectrum antibacterial activity of L. geometricus eggs and test the hypothesis that the eggshell and associated spherical granules play a significant role in the egg defence. Additionally, we analysed the eggshell composition and physical properties in order to understand its mechanism of antibacterial action.
Material and methods

Animal culture and collection of egg-sacs
Males and females of the brown widow spider, L. geometricus, were collected from urban gardens in Midreshet Ben-Gurion, Israel (30.85238 N, 34 .78348 E), and brought to the laboratory in the Blaustein Institutes for Desert Research of Ben-Gurion University. Males and females were kept in plastic cups with a mesh lid. Males were fed ad libitum with Drosophila fruit flies.
Adult females (about 50 at any given time) were fed weekly with three grasshopper nymphs (Schistocerca sp.). The offspring of field-caught females were raised in the laboratory and mated with non-sibs when they matured. Every few months, a few females were added from the field to prevent inbreeding in the laboratory culture. The egg-sacs from the laboratory-reared females were collected 1-10 days after oviposition.
Frozen egg-sacs (kept at 2208C) were used to obtain complete egg homogenate or eggshells. For all other experiments on whole eggs, we used eggs that were from freshly collected egg-sacs. In addition, eggshells were separated from frozen egg-sacs in which the young had hatched, but remained inside the egg-sac (spiderlings emerge from the egg-sac only after a first moult inside the sac [30] ) The eggshells are opaque white and easily distinguishable from the yellowish, translucent exuviae, in which legs and other body parts are clearly visible. Eggs or eggshells were collected by tearing the egg-sac with forceps and shaking it above a Petri dish. Eggshells were counted under a microscope to collect them separately from the first instar exuviae.
Egg homogenization and extraction
400 mg of eggs, separated from egg-sacs on average 5 days following egg-laying, and before hatching, were homogenized in 4 ml of 5% acetic acid. Compound extraction was carried out for 5 h with gentle stirring in an ice-cold water bath. The supernatant, which was obtained by centrifugation at 20 000g for 20 min at 48C, was dried by a speed-vacuum (CentriVap concentrator, Labconco) and resuspended in 150 ml saline (0.9% w/v NaCl) to obtain 5.09 mg ml 21 total protein concentration (Bradford).
Water extracts of eggs and eggshells
Egg surface extract was prepared by addition of 80 ml water (Milli Q water purification by Millipore unit) to 100 eggs with gentle shaking for 5 min. Eggshells collected as previously described were extracted with water (50 eggshells to 50 ml Milli Q water) or saline, with gentle shaking for 10 min. The egg surface extract and the eggshell extract were withdrawn and used for the antibacterial assays. The egg spheres were isolated by filtration with 0.45 mm syringe driven filter (Millex LH). The spheres were washed on the filter with 100 ml Milli Q water and resuspended in water before use.
Oviposition fluid harvest
Latrodectus geometricus females are capable of producing an eggsac every week after copulation. Several females were mated and monitored for oviposition. Near the end of the egg-laying, and before egg-sac completion, the process was interrupted, the female was removed and the egg-sac with the partial silk covering was torn open with forceps. The oviposition fluid (approx. 20 ml) was collected by pipetting with 200 ml volume tips. The diameter of such a tip enabled fluid withdrawal, leaving the eggs intact. After collecting the fluid, the female was returned and completed the formation of the egg-sac. Oviposition fluid was kept at 2208C until used.
2.5. Antibacterial activity tests 2.5.1. Modified Kirby -Bauer diffusion susceptibility test
A modification of the Kirby-Bauer diffusion susceptibility test [31] was used to determine the bacterial susceptibility to the egg components of the brown widow spider. The following bacterial species were tested: Escherichia coli K12 (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 29213) and Morganella morganii. The latter strain was isolated directly from silk fibres taken from the egg-sacs as shown in electronic supplementary material, figure S2 . It was purified by sub-culturing on LB media and was identified by sequencing its 16 s rRNA gene (HyLab Rehovot, Israel). The sequence was deposited in the gene bank under accession number MG489884. Briefly, the bacterial inoculums were placed in Luria-Bertani Broth, Miller (LB, Difco, MD, USA). Colonies were purified on the same media by repeated streaking of the different colonies on fresh agar. These strains were chosen so that both Gram-positive and Gram-negative bacteria were tested. A colony of each strain was suspended in 10 ml of LB and incubated overnight at optimal growth temperature (378C). The culture was diluted to mid-log phase around an optical density (OD) of 0.5 at 600 nm. Samples for the susceptibility test were intact eggs, eggshells, egg-surface extract or egg homogenate extract. When intact eggs were tested for their antibacterial activity, for each bacterial culture, eggs from five egg-sacs were mixed and individual eggs were tested (n ¼ 12 eggs for E. coli K12, n ¼ 12 for P. aeruginosa, n ¼ 12 for M. morganii and n ¼ 51 for S. aureus). Soft agar LB plates (0.7% agar) were inoculated with the bacterial cultures and then the test samples (intact eggs, eggshells or 2 ml of extracts) were placed on the agar surface. Glass beads (Z250473-1PAK Sigma-Aldrich) of the same size as spider eggs (1 mm diameter) were sterilized and used as control. After incubation (308C, 18 h) the inhibition zone was measured.
Bacterial susceptibility test in liquid media
The antibacterial test of egg homogenate was performed using the 96-well plate-based broth dilution method, also known as checkerboard assay [32] . Escherichia coli K12 inoculum (90 ml in LB) was added to each well of a sterile 96-well plate except for the blank wells. Brown widow egg homogenate (10 ml) was added to the 96-well plate with the LB medium. 90 ml of fresh LB broth with 10 ml saline were added to each blank well. Kanamycin (Sigma-Aldrich, 1 mg ml
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) was used as a positive control. 90 ml of bacterial inoculum in LB with 10 ml of saline was added to each of the negative control wells. In the solvent control 10 ml of acetic acid 5% were added to 90 ml of bacterial inoculum. The plates were covered with a plastic cover and then incubated at 378C. Bacterial growth was monitored every 30 min by a platereader (SynergyMx, BioTek, Winooski, VT) at a wavelength of 600 nm.
Bacterial viability test
Gram-negative and Gram-positive bacterial strain viability was assessed with eggs and eggshells by single plate-serial dilution spotting (SP-SDS) test [33] . Escherichia coli K12 (ATCC 25922) and S. aureus (ATCC 29213) were used for this test. A colony of each strain was suspended in 10 ml of LB and incubated overnight at optimal growth temperature (378C). The cultures were diluted to mid-log phase with an OD of 0.5 at 600 nm.
One hundred eggs were added to 200 ml bacterial suspension in each of the experiment wells of a sterile 96-well plate except for the blank wells, the negative and the positive control wells. Glass beads with similar diameter to the brown widow eggs (1 mm) were sterilized and used as a negative control. Kanamycin (Sigma-Aldrich, 1 mg ml
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) was used as a positive control. Five hours after incubation started, 10 ml aliquots were taken from each well and serially diluted (10 2 - 10 7 ). From each dilution 10 ml was taken and dropped over agar-gelled LB medium in six different sectors of 9 cm plates. The plates were then incubated at 308C and the colonies were counted after 24 h.
The eggshells were tested in the viability test against E. coli K12. Twenty eggshells were added to 200 ml bacterial suspension in each of the experiment wells except for the blank wells, the negative and the positive control wells. Kanamycin (SigmaAldrich, 1 mg ml
) was used as a positive control while wells that contained bacterial suspension without the addition of eggshells were used as control. The rest of the protocol was identical to the intact eggs viability test.
Bacterial adherence to egg surface in spraying assay
To examine the bacterial adherence to the egg surface, we used fluorescent microspheres (1 mm diameter, excitation 540 nm, emission 560 nm) with negatively charged surfaces (FluoSphere; Molecular probe, Eugene, OR) similar to most bacterial surfaces in nature [34] . FluoSpheres aerosol (10 9 FluoSpheres ml 21 ) was sprayed directly on the spider eggs using a Voyage aerosol nebulizer (Mefar). Sterilized glass slides were used as a positive control. FluoSpheres presence on eggs was examined by a fluorescence microscope (Zeiss AX10) after the spraying process. The same process was performed with fluorescently labelled Bacillus subtilis (strain 3610, 10 6 cells ml
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) cells expressing a red fluorescence protein [35] . Sterilized glass beads (1 mm diameter) were used as a positive control in this experiment.
Microtitre plate biofilm production assay
Morganella morganii, P. aeruginosa PO1 and Klebsiella oxytoca [36] were grown in LB overnight. The cultures were diluted with fresh LB medium to get an OD of 1 at a wavelength of 600 nm. Fresh LB medium (135 ml) was transferred with the diluted bacterial culture (15 ml) into the experiment wells of a 96-well plate (Waltman, transparent polystyrene, flat bottom). Fifty eggshells that were separated previously from empty egg-sacs after emergence of the young were added to the experiment wells. Wells without eggshells served as a negative control while kanamycin (Sigma-Aldrich, 1 mg ml 21 ) was used as a positive control. 135 ml of fresh LB with 15 ml saline were added to each blank well. This procedure was performed for each of the bacterial strains. The plate was covered and incubated for 18 h at 378C. Quantitative crystal violet analysis of biofilm formation was performed using Djordjevic et al. assay [37] . The level (OD) of crystal violet present in the distaining solution was measured at 595 nm by a spectrophotometer (Infinite M200, Tecan).
Scanning electron microscopy
Spider eggs and eggshells were examined using a scanning electron microscopy (SEM) instrument (Quanta 200, FEI) without dehydration and fixation. The samples were attached to the microscope stub using double-sided adhesive, dried and coated by a 20 nm gold layer before observation.
Transmission electron microscopy
Primary fixation of intact eggs was done with modified Karnovsky's fixative (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M cacodylate buffer pH 7.2) for 30 min at 378C. After two washes in the same buffer, the samples were post-fixed with 1% osmium tetroxide at 48C for 30 min followed by repeated washing with the same buffer. After fixation, samples were dehydrated in graded ethanol series and propylene oxide, followed by a gradual embedding in Araldite 502 (Electron Microscopy Sciences, Fort Washington, PA, USA). In the final, full-strength Araldite, the samples were subjected to mild vacuum (400 mbar) for 1 h at room temperature followed by an overnight polymerization at 608C. The resin blocks were carefully trimmed to expose the underlying aragonite. The aragonite was dissolved by immersing the blocks in 0.32% HCl for 48 h. The blocks then were rinsed in water and dried thoroughly. The blocks were immersed in Araldite for 3 h in the same vacuum conditions and polymerized overnight at 608C. Sections of various thicknesses (60-90 nm) were cut using a Leica ultracut UCT microtome (Leica Microsystems, Nussloch, Germany) and picked up on 300 mesh copper grids. The sections were contrasted by uranyl acetate and lead citrate.
Sections were observed using a JEM-1230 transmission electron microscopy (TEM) instrument (JEOL Ltd, Tokyo, Japan) operated at 80 kV. Electron micrographs were taken using TemCam-F214 (Tietz Video & Image Processing Systems (TVIPS) Gauting, Germany).
MALDI analysis and SDS-PAGE protein separation
Spheres released with water from the egg surface, and oviposition fluid, were mixed with 2,5-dihydroxybenzoic acid matrix and spotted on a matrix-assisted laser desorption ionization (MALDI) target. Mass spectrometry (MS) was performed with an Autoflex speed MALDI TOF/TOF instrument and peakspicking was performed with BioTools analysis software (Bruker Daltonics, Bremen Germany). Water-released spheres, oviposition fluid and egg homogenate proteins were further mixed with denaturation sample buffer and resolved on 12% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE; (Mini-PROTEAN electrophoresis system, Bio-Rad). Proteins were visualized with colloidal Coomassie blue staining.
Water contact angle
The water contact angles of the eggs, and of a glass slide coated with egg spheres, were measured in order to determine the degree of wettability of the egg surface. The eggs were attached to a microscope slide using double-sided adhesive while the egg spheres, which were extracted in deionized water, were dried on a glass slide. To measure the contact angle of the spheres we used a modified measurement protocol for bacterial cell surface contact angle [38] . A glass slide was used as substrate instead of cellulose triacetate filter. The glass slide was covered homogeneously with the eggs spheres.
A bare glass slide was used as control. Water contact angles were measured with a contact angle analyser system (OCA 20, DataPhysics Instruments GmbH, Germany). For egg measurement, the droplet volume was 0.2 ml while a drop of 1 ml was used for the egg spheres measurement. All measurements were carried out at 258C.
Hydrophobicity
The hydrophobicity of the eggs was examined by the MATH (microbial adhesion to hydrocarbons) test assay [39] . n-Hexadecane, which is completely apolar, was added to a mixture of eggs and deionized water following a brief period of mixing. The phases were allowed to separate for 15 min and then they were analysed for their adherence either to n-hexadecane phase or to the water phase.
Zeta potential
Egg surface spheres are released when eggs come in contact with water. To measure the polarity of egg surface, 100 eggs were mixed with 1 ml of Millipore water for 10 min. The egg-surface water extract containing the spheres was analysed by a Zetasizer Nano ZS (Malvern, UK) to measure the zeta potential value.
Results
Intact Latrodectus geometricus eggs inhibit bacterial growth
In the modified Bauer diffusion test, the brown widow eggs showed a clear inhibition zone against the Gram-negative strains, E. coli K12, P. aeruginosa and M. morganii, as well as the Gram-positive strain, S. aureus ( figure 1a) . The eggs were left on the agar plates with the bacteria and finally hatched successfully. To demonstrate whether this wide-range activity is bacteriostatic or bactericidal, the viability of Gram-negative and Gram-positive strains was estimated by SP-SDS test. Bacterial viability of E. coli and S. aureus decreased significantly (t ¼ 9.4, d.f. ¼ 18, p , 0.001 and t ¼ 11.5, d.f. ¼ 6, p , 0.0001 respectively) when eggs were incubated with the bacterial culture (figure 1b). The antibacterial activity of egg homogenate extract was determined against E. coli K12 using the liquid growth inhibition assay. Addition of 10 ml of the egg homogenate extract to the bacterial suspension exhibited a strong inhibition effect (figure 1c) that was comparable to the effect of 1.0 mg ml 21 kanamycin.
Egg surface is covered with spheres
Since antibacterial activity was seen in the unbroken, whole L. geometricus eggs, the question whether the antibacterial activity comes from the internal or the external egg components was addressed. We first examined the ultrastructure of the egg surface using SEM and TEM. Latrodectus geometricus eggs are spherical, approximately 1 mm in diameter (figure 2a), and coated with a dense layer of spheroidal granules (figure 2b) that adhere to the egg chorion. The diameter of these spheres was not uniform and extended between 0.4 and 3.6 mm (figure 2b). The dense spheroidal layer was seen also on the empty eggshells after hatching of spiderlings ( figure 2c,d ). TEM analysis of the egg surface showed electron-dense pattern staining of spheres (figure 2e,f ). The differential staining of the spheres and their density could be clearly distinguished from the granular material surrounding them, which suggest that they differ in composition (figure 2e).
Egg surface limits bacterial adhesion and growth
After SEM examination of the eggs and eggshells, the role of the egg surface containing the spheres was examined. FluoSpheres aerosol was sprayed directly on the spider eggs to examine their attachment to the egg surface. After spraying, fluorescent microscope analysis of the RFP labelled cells (excitation 546/12; beam splitter 560; emission 607/80) showed that negatively charged FluoSpheres were attached to the egg surface and to the glass slide that was used as control. When we used fluorescent Bacillus subtilis in this experiment, bacterial adherence was seen (electronic supplementary material, figure S1 ).
When 20 eggshells were added to an E. coli culture, in the SP-SDS viability test, bacterial growth was reduced by 45% compared to the control (t ¼ 2.6, d.f. ¼ 5, p , 0.05, figure 3a) . Moreover, when 50 eggshells were added to each of three replicates of K. oxytoca, P. aeruginosa PO1 and M. morganii cultures, biofilm formation of these bacterial strains was reduced (22-33% of the control for K. oxytoca, 31-40% for P. aeruginosa, and 44-92% for M. morganii; figure 3b ). The effect of the addition of eggshells was significant overall (two-way ANOVA, treatment effect: F 1,12 ¼ 85.44, p , 0.0001). Biofilm formation was significantly lower for K. oxytoca and P. aeruginosa in the presence of eggshells (Tukey post hoc comparisons: p ¼ 0.0007 and p ¼ 0.0002, respectively), but not in the case of M. morganii ( p ¼ 0.23).
A clear inhibition zone was seen around the eggshells when they were placed on LB plates with bacteria that were grown from an internal silk fibre of the egg-sac (electronic supplementary material, figure S2 ). To elucidate the source of the egg inhibitory components, spheres of eggshells were rapidly released with water after 5 min incubation period.
The water extract appears as a cloudy, opaque, solution indicating that the eggshell spheres do not dissolve in water. The samples undergo evaporation before gold sputtering for SEM. Upon evaporation of the water, the spheres that were recovered retained the same shape ( figure 3c,d ). The material coating the spheres in figure 3c is likely an organic residue left after evaporation of the water (electronic supplementary material, figure S4 ). Moreover, examining 2 ml of eggshell saline extract by the Kirby-Bauer test revealed a clear inhibitory effect on the bacteria M. morganii and S. aureus (figure 3e,f respectively; see also the controls in electronic supplementary material, figure S5 ).
The egg is hydrophobic while egg spheres are superhydrophilic and positively charged
The spheres revealed by microscopic examination formed a rough surface on the spider eggs (figure 2). To determine whether the observed microscopic roughness affects the hydrophobicity and wettability, bacterial adhesion to the egg surface and water contact angle (CA) measurements were performed. Due to the spherical shape of an egg and its small diameter (1 mm), CA measurements of water droplets that are also spherical are difficult. Consequently, we used the simple, rapid MATH test assay to determine whether the egg surface nature is hydrophobic or hydrophilic. The MATH test showed that eggs that remained near the interphase adhered to the hydrophobic n-hexadecane phase (figure 4a). However, the water CA of the egg spheres, released with water from eggs and dried on glass slide, was found to be less than 108 (figure 4c), compared to CA of 34.78 when a water drop was placed on a glass slide without spheres (figure 4b). This low CA indicates superhydrophilicity of the spheres. Zeta potential of the deionized water extract of eggs exhibited a value of þ4.895 mV at 258C. The low zeta potential value indicates that the particles (spheres) are not stable in solution and tend to aggregate.
Oviposition fluid and eggshell water extract contain proteinaceous spheres
SEM analysis indicated that the most abundant component of the oviposition fluid was the spheres, which were identical in shape and diameter to the egg-surface spheres (figure 5c). The dried oviposition fluid also contained salt crystals; upon analysis, these crystals appeared to be KCl 5b). Interestingly, the SDS-PAGE profile of the oviposition fluid was almost identical to the profile of the filter purified spheres released from egg surface (figure 5b) and to the profile of the egg surface crude extract (electronic supplementary material, figure S3 ).
Discussion
Intact eggs placed on the surface of an inoculated Petri dish were capable of protecting the developing embryo. Our results demonstrate that the antibacterial activity of the intact egg is performed by both internal (egg homogenate) and external (eggshell) components. We showed potent inhibition of egg homogenate against Gram-positive and Gram-negative bacteria: 10 ml of egg homogenate caused total inhibition of E. coli growth, comparable to that of the positive control kanamycin (1 mg ml 21 ). These results indicate that the overall antibacterial activity of the eggs is not specific against either Gram-negative or Gram-positive strains, but is generally antibacterial. More specific antibacterial activity of egg homogenate was observed in some marine and terrestrial arthropods. For example, egg homogenate of the marine spiny starfish Marthasterias glacialis inhibited the growth of the coastal water strains of Vibrio alginolyticus and Vibrio vulnificus (89.6% and 78% growth inhibition, respectively), while pathogenic strains as Salmonella sp. and E. coli were not affected (1.2% and 7.2% growth inhibition) [3] . Egg homogenate of the tick Rhipicephalus (Boophilus) microplus exhibited activity against the Gram-positive bacterium M. luteus; however no activity was detected against the Gram-negative bacterium E. coli [40] . By contrast, brown widow eggs showed similar potent activity against all bacterial strains tested. The eggshell provides physical protection of the embryo from the external environment. We hypothesized that the eggshell may have an additional role in preventing bacterial colonization on the egg surface, and thus we tested the role of the eggshells in the prevention of bacterial contamination. Eggshells showed clear inhibition against bacteria that grew out of a fibre taken from the internal silk of the egg-sac and placed on the agar. Biofilm formation of P. aeruginosa PO1 and K. oxytoca cultures was significantly reduced to 27% and 36% respectively. When eggshells were added to E. coli cultures, the viability of the bacterial cells decreased to 56% compared to the control. These results support our hypothesis that the eggshells play a significant role in protecting the egg against bacterial invasion. The inhibition of biofilm development may occur due to diffusible factors released from eggshells, which may act to reduce the number of living bacterial cells on the eggshell and thus reduce biofilm formation. We propose that due to their cationic nature, the released spheres form electrostatic interactions with the bacteria in solution, which may contribute to lower the bacterial adhesion to the wells. Egg wax from the cattle tick Rhipicephalus (Boophilus) microplus [41, 42] can also inhibit P. aeruginosa PA14 biofilm, suggesting that arthropod eggs have diverse ways of inhibiting the development of biofilms on their surface.
Buffkin et al. [43] demonstrated that in the black widow spider L. tredecimguttatus, toxins were contained in the eggs themselves and not in the egg shells. Three toxic proteins (of 23.8, 28.7 and 36.0 kDa) were isolated from the egg homogenate in addition to a broad-spectrum antibacterial peptide with a molecular weight of 3.6 kDa [10] [11] [12] 44] . In L. geometricus eggs, SDS-PAGE tests and MS analysis of the antibacterial eggshell water extract showed that the most abundant Coo- Hydrophilicity/hydrophobicity or wettability of surfaces is known to affect bacterial adhesion [45] . Both superhydrophobic surfaces, with water CA . 1508 and negative zeta potential, and superhydrophilic surfaces, with water CA 108 and negative zeta potential, were shown to have self-cleaning properties [46, 47] . Surface wettability is influenced by microscale and nanoscale surface topography. Surface roughness induces superhydrophobicity and low adhesion of bacteria to the surface [45] . Brush-turkey eggshells, for example, are coated with nanospheres made of calcium phosphate [48] , which create a superhydrophobic, rough topography that limits bacterial adhesion and as such, contributes to the antimicrobial defence system of the eggs [49] . According to the Cassie-Baxter model, when a water droplet is placed in contact with a rough surface, the liquid may not penetrate fully into the surface texture, but it forms a solid-liquid-air interface due to the trapped air in the microstructures [50, 51] . Spider eggs are rough due to the coating of egg spheres over the chorion and sphere sizes and densities are variable over the surface [17, 22] . In the MATH test, the spider eggs were found in the hydrophobic phase. We suggest that pockets of air are trapped between the spheres, causing the egg surface to be hydrophobic. While the egg surface was found to be hydrophobic, isolated egg spheres were superhydrophilic, since their measured water CA was less than 108.
Although the spheres had a positive zeta potential and could attract negatively charged bacteria [51] , we suggest that the rough hydrophobic topography might reduce the ability of bacteria to adhere to the egg surface. Bacterial adherence to the surface was tested by a massive challenge of artificial bacterial aerosol or FluoSpheres aerosol. The test revealed that negatively charged bacteria and FluoSpheres could adhere to the egg surface as well as to glass beads of similar size as the egg. The aerosol test needs further experimentation and analysis to arrive at a conclusion regarding the function of the spheres. Nevertheless, the demonstrated activity of the intact eggshell and water extract of the eggshell against bacteria suggests that the antibacterial effect is due to biochemical agents located on the egg surface. Biochemical analysis of the spheres revealed five prominent Coomassie blue stained bands, indicating that the spheres are mainly made up of a combination of lowweight proteins. Although we think that the spheres are an important factor in protecting the eggs from microorganisms, it is not yet clear whether the active component is one of the eggshell proteins or a non-proteinaceous substance.
Further studies are needed to elucidate the complete structure and nature of the spheres. The origin of the egg spheres is also not yet clear. Morishita et al. [52] observed a material resembling the egg spheres in the oviducts and uterus of the brown recluse spider, Loxosceles intermedia, and investigated its histochemical properties. They suggested that this material coats the oocyte on its way out. The egg spheres appear on the egg surface when the liquid surrounding the eggs is absorbed during egg laying [15] . Thus, we hypothesized that the spheres should be found in the oviposition liquid. To test this hypothesis, the oviposition liquid was isolated from the egg-sac immediately after laying and examined with SEM. The liquid contained a mixture of salt crystals that were identified as KCl crystals, spheres, and additional unknown materials. In addition, MS analysis and SDS-PAGE tests of the oviposition liquid revealed high similarity of the m/z masses to the purified egg spheres and to the egg surface crude extract. This supports our hypothesis that the egg spheres appear in the oviposition liquid and become attached to the egg surface soon after egg laying.
In conclusion, the eggs of L. geometricus are protected from bacterial threats due to both chemical and physical properties of the eggshells. Distinct spheroid structures, made of low molecular weight proteins, were found to envelope each egg. These spheres are restricted to the chorion of the eggs and are found in the oviposition fluid as well. The combined mechanisms associated with the surface of the brown widow spider egg appear to be a distinctive model of antibacterial defence mechanisms in animals.
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